Powłoki ochronne nakładane metodami natrysku plazmowego oraz PVD na grafitowe krystalizatory przemysłowe
Introduction
The use of protective coatings in many industrial sectors allows for more-complex development of surface engineering techniques. Studies show that protective coatings are used in many sectors of the industry, depending on the imposed requirements [1] [2] [3] [4] . The most vulnerable to damaging factors are machine parts and devices, particularly those designed for long-term use. The surface of graphite molds used for casting copper and its alloys can be modified with protective coatings to extend the service life and improve the efficiency of the casting process. Graphite is a heterogeneous material, and as such has a number of pores and voids. During casting, these discontinuities allow the liquid medium to penetrate into the mold interior. After melting about 12 tons of the cast metal, the graphite mold has to be replaced to avoid further deterioration of the melt surface [5, 6] . The use of protective coatings can be a solution to the problem. Coatings that prevent degradation of the graphite surface are prepared by various surface engineering methods, such as thermal spray (High Velocity Oxygen Fuel -HVOF), plasma spray (PS), plasma-assisted physical vapor deposition in a vacuum (PA PVD), and plasmaassisted chemical vapor deposition in a vacuum (PA CVD). In most cases, the methods for the preparation of coatings are based on the use of a plasma phase.
Selection of the coating material depends on the future application of the component. In the case of the foundry industry, coatings are expected to meet certain criteria, such as null wettability by the metal cast, smoothness, and resistance to high temperatures. The use of hybrid coatings that combine several layers appears to be a reasonable option. The methods listed above allow for the production of coatings characterized by properties dedicated to a particular class of applications [7, 8] .
Aluminum oxide is used for the protective coatings due to a number of valuable properties, to mention only great high hardness and abrasive wear resistance. Aluminum oxide coatings have good insulating properties and are stable at high temperatures [9, 10] . Unfortunately, coatings obtained by plasma spraying are characterized by high levels of porosity. To confer adequate smoothness to the surface layer, an additional layer of glassy carbon is applied; this eliminates the problem of roughness and/or porosity, eliminating also the risk that the surface might be wetted by metals such as Al, Cu, Zn, Ag, or Sn [11, 12] . Tungsten is a chemical element characterized by high hardness and a very high melting point (3600°C). Often in surface engineering, the protective coatings are made of tungsten carbide, mainly due to its specific properties [13, 14] . Hybrid coatings combined with layers of W and Zr-DLC are used to improve the coating properties, surface smoothness and tightness included. The use of diamond-like coatings (which is a novel solution in the field of surface engineering, offering high thermal resistance, good conductivity, and high hardness) has considerably improved the quality of the tested materials [15, 16] .
The main aim of this study was to disclose the results of our research on the application of coatings for protecting industrial molds. Tests and studies included graph-ite molds without any coating, with an Al 2 O 3 coating containing the addition of glassy carbon deposited by plasma spraying, and with a W/Zr + DLC coating produced by PVD.
Experimental procedure
Samples for testing were deposited by thermal spraying in company Plasma System SA Siemianowice Śląskie using an MIM40 device. The applied process parameters are summarized in Tables 1 and 2 . The layer of glassy carbon was produced on the surface of the Al 2 O 3 coating by soaking in a 0.1 mole of 4-toluenesulphonic acid solution in enanol. The next step was annealing it at 90°C for 1h and soaking it in a solution of acid mixed with odorless ethylene at a ratio of 1/20. Then followed annealing at 120°C for 1 h and heat treatment in a protective atmosphere of argon. Heating at 200°C holding at 1000°C for 2h, and furnace cooling ended the process.
Sample coatings produced by PVD methods for further studies were prepared under industrial conditions at the Institute for Sustainable Technologies -National Research Institute (ITeE-PIB) in Radom, Poland. The coatings were deposited by two different methods: Electron Beam Physical Vapor Deposition EB PVD and Cathodic Arc Deposition Arc PVD. Process parameters are summarized in Table 3 . Trials of the semi-continuous casting process were carried out under laboratory conditions on a test stand. Figure 1 shows the test mold surface after the process of semi-continuous casting using 24.5 kg of BA 1032 bronze.
Fig. 1. The appearance of the graphite mold surface after the semi-continuous casting process: a) mold without coating; b) W/Zr-DLC coating; c) Al 2 O 3 + glassy carbon coating
The structures of all of the samples were examined under a Hitachi SU-70 Scanning Electron Microscope. Samples for examinations by light microscopy were polished mechanically using a Struers equipment and technique. They were ground first and then polished with diamond pastes and OPS suspension. Figure 2 shows the structure of a mold without any protective coating after the semicontinuous casting process. The structure is heterogeneous. Visible pores and cracks facilitate the liquid metal penetration into the graphite. A chemical analysis allowed us to identify the presence of elements such as Cu, Al, Sn, Fe, or O inside the uncoated mold (Fig. 3) . 
Results and discussions

Fig. 3. Chemical analysis of a graphite mold without coating -cross-section
The structure of the W/Zr DLC coating deposited on a graphite mold is shown in Figure 4 . Well visible is the outer Zr + DLC layer (about 1 µm thick) and the intermediate layer of tungsten (with an average thickness of about 7 µm). The coating has a homogenous structure, is compact, and closely adheres to the substrate. Chemical analysis displayed in the form of maps of the distribution of elements shows in top view the surfaces after the casting process of BA1032 bronze. Visible are small fragments of the sticking metal. Elements such as Zr, W, Cu, O, and C have been identified (Fig. 5) . The coating is tight; thus, providing effective protection for the graphite mold. 
. Chemical analysis of a graphite mold with the deposited W/Zr + DLC coating -upper surface in top view
The structure of the Al 2 O 3 coating with an additional layer of glassy carbon is shown in Figure 6 . The structure of the coating in the layer of Al 2 O 3 contains certain discontinuities in the form of pores (dark patches) and cracks visible in the upper surface of the test material (Fig. 7) . The additional layer of glassy carbon causes homogenization of the structure and (particularly through proper sealing) eliminates all pores and voids from the upper surface layer of the coating. Examinations by scanning electron microscopy of the upper mold surface have revealed small fragments of the adhering material, which penetrated as a result of the casting process (Fig. 7) . Chemical analysis has confirmed the presence in these sticking metal fragments of elements such as O, Al, Cu, Sn, and C, which does not change the fact that the structure in the examined mold cross-section shows no signs of the flowing medium penetrating into the coating (Fig. 6) . It can be concluded that the use of coatings for protecting industrial molds gives satisfactory results. Studies show that, in a mold without coating, the liquid metal penetrates into the micropores of graphite and sticks to the inner layer of the mold. In molds with coatings, the penetration of metal is avoided, and only local sticking of molten metal to the surface can occur; however, it has been found that, in coated molds, the amount of cast metal sticking to the mold surface is definitely smaller than in molds without coating.
No
Conclusions
-The use of protective coatings on graphite molds seems to be an effective solution.
-Stuck fragments of metal are visible inside the mold without coating.
-The W/Zr + DLC coating has good resistance during the casting process. The liquid metal sticks to the surface but does not penetrate deep inside the mold. -The Al 2 O 3 + glassy carbon coatings are also capable of protecting the graphite molds. -The deposition of coatings reduces the downtime necessary to replace the wornout mold and increases the efficiency of the casting process. -The type of manufacturing technology and process parameters significantly affect the microstructure and properties of the coatings.
